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Molecular  Genetic  Studies  of  Bone  Mechanical  Strain 

Osteoporosis  is  a  disease  that  is  characterized  by  low  bone  density  and  poor  bone  quality: 
bone  becomes  more  fragile  and  the  risk  of  fracture  is  greatly  increased,  especially  in  hip,  spine 
and  wrists.  To  date,  the  annual  economic  burden  of  osteoporosis  is  $20  billion  and  is  expected 
to  reach  $62  billion  by  the  year  2020  (1).  These  numbers  exceed  the  cost  of  congestive  heart 
failure,  asthma  and  breast  cancer  combined.  Thus,  one  of  the  major  goals  of  our  current 
research  is  to  reduce  the  incidence  of  osteoporosis. 

One  approach  to  prevent  osteoporosis  is  to  increase  new  bone  formation.  At  present, 
physical  exercise  has  been  used  as  one  of  the  strategies  to  maintain  bone  mass  and  prevent 
bone  loss  in  humans.  Numerous  studies  using  different  loading  models  in  human  and  animals 
have  demonstrated  that  loading  stimulates  bone  formation  while  unloading  decreases  bone 
formation  (2-5).  The  mechanism  through  which  mechanical  loading  increases  bone  formation  is 
mechanical  stimulation  which  activates  signaling  receptors  which  in  turn  activates  a  cascade  of 
intra-cellular  signaling  pathways.  This  is  turn  activates  several  cellular  processes  leading  to  an 
increase  in  bone  formation.  To  date,  a  series  of  cellular  and  molecular  events,  particularly  the 
intra-  and  intercellular  signaling  pathways,  and  the  molecular  components  that  regulate  these 
pathways  by  responding  to  mechanical  stimulation,  have  been  investigated  using  in  vitro 
models  (6-12).  The  data  generated  from  in  vitro  models,  although  informative,  is  limited  by  the 
fact  that  most  of  the  data  were  obtained  from  homogenous  osteoblast  cells  in  cell  cultures. 
These  models  lack  the  vital  communication  between  various  types  of  cells,  such  as  osteocytes, 
osteoblast  and  osteoprogenitors  cells,  which  have  been  shown  to  respond  to  ML.  Thus,  the 
molecular  components  that  respond  to  ML  in  vivo  have  not  been  fully  understood.  Once  these 
components  have  been  identified,  it  will  be  able  to  elucidate  their  role  in  regulating  bone 
formation.  This  in  turn,  leads  to  a  better  understanding  of  the  complex  series  of  cellular  and 
molecular  events  involved  in  bone  formation,  thus  providing  strategic  pharmacological 
intervention  to  enhance  or  maximize  the  osteogenic  effects  of  exercise.  Our  technical 
objectives  for  the  past  year  are  as  follows: 

Technical  objectives 

1)  Continue  to  generate  IGF-I  Knock  out  and  control  mice  and  evaluate  skeletal  anabolic 
response  to  four-point  bending. 

2)  Continue  the  ongoing  studies  on  the  role  of  the  leptin  receptor  signaling  pathway  in 
mechanical  strain  response  in  osteoblasts. 

3)  Evaluation  of  the  role  of  formin-2  in  mediating  the  mechanical  loading  response  on  the 
skeleton. 

4)  Evaluate  if  14104M  gene  is  a  mechanosensitive  gene. 

5)  Evaluate  the  influence  of  mechanical  strain  on  bone  regeneration. 

6)  Continue  in  vitro  phosphorylation  studies  to  identify  signaling  proteins  that  are 
activated  by  mechanical  strain  in  KO  and  control  mice. 

7)  Continue  data  analysis  and  prepare  manuscripts  for  submission  to  peer  review  journals 
for  publication. 

8)  Prepare  final  progress  report  for  submission  to  TATRC. 
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Technical  objective  1:  Continue  to  generate  IGF-I  Knock  out  and  control  mice  and  evaluate 
skeletal  anabolic  response  to  four-point  bending. 

During  the  past  year,  we  crossed  Cre-  recombinase  transgenic  mice  [Cre  gene  was  driven  by  the 
procollagen,  type  lall  gene  (Colla2-Cre)]  with  loxp  mice  in  which  exon  4  of  the  IGF-I  gene  is 
flanked  by  the  lox P  gene  to  generate  Cre+  loxp+/+  (homozygous  conditional  IGF-I  KO),  and  Cre 
negative  loxp  (control)  mice  for  our  studies  proposed  in  technical  objective  1.  At  three  weeks  of 
age,  tail  snips  were  collected  from  mice  and  DNA  was  extracted  using  a  PUREGENE  DNA 
Purification  Kit  (Gentra  Systems,  Inc.,  Minneapolis,  MN)  according  to  the  manufacturer's 
protocol.  Polymerase  chain  reaction  (PCR)  was  performed  to  identify  the  different  genotypes 
(homozygous  IGF-I  KO,  heterozygous  IGF-I  KO  and  control  mice.  We  used  Cre-recombinase 
primer  (F-  TTA  GCA  CCA  CGG  CAG  CAG  GAG  GTT  and  R-CAG  GCC  AGA  TCT  CCT  GTG  CAG  CAT) 
and  loxp  primer  (Primer  1,  AGT  GAT  AGG  TCA  CAA  AGT  TCC;  Primer  2,  AAA  CCA  CAC  TGC  TCG 
ACA  TTG  and  Primer  3,  CAC  TAA  GGA  GTC  TGT  ATT  TGG  ACC)  for  the  genotyping.  The  following 
optimized  conditions  were  used  to  perform  the  PCR  reaction:  95°C  for  2  minutes;  35  cycles  at 
95°C  for  40  sec,  57°C  for  40  sec,  72°C  for  40  sec;  70°C  for  40  sec.  The  PCR  products  were  run  on 
a  1.5%  agarose  gel  and  the  image  was  taken  with  a  chemilmager  4400  (Alpha  Innotech  Corp., 
San  Leandro,  CA).  Figure  1  shows  an  example  of  how  the  different  genotypes  can  be  identified. 
After  weaning,  the  mice  were  segregated  according  to  the  genotype  and  maintained  on 
standard  laboratory  chow  until  they  become  old  enough  to  perform  mechanical  loading  -  10 
weeks. 


Image  A:  Row-1  marker,  Row-2  GAPDH,  Row-3  iCre, 
Row-4  IGF-I  exon4 

Image  B:  Row-1  marker,  Row-2  GAPDH,  Row-3  iCre, 
Row-4  IGF-I  exon4 

Figure  1:  Genotyping  of  IGF-I  KO  vs.  Control  mice. 


It  is  well  established  that  the  amount  of  mechanical  strain  exerted  by  a  given  load  is 
largely  dependent  on  the  cross  sectional  area  (moment  of  inertia)  such  that  a  mouse  with  a 
large  cross  sectional  area  will  experience  lower  mechanical  strain  and  vice  versa  for  a  mouse 


6 


Dr.  Subburaman  Mohan 


with  small  circumference.  Since  bones  of  IGF-I  KO  mice  have  a  smaller  circumference  than  the 
age-  and  sex-matched  control  mice,  we  calculated  the  amount  of  mechanical  strain  produced 
by  varying  loads  using  a  mathematical  approach  (Stephen  C.  Cowin:  Bone  Mechanics  Hand 
book,  2nd  edition,  2001,  chapter:  Techniques  from  mechanics  and  imaging)  on  both  IGF-I  KO 
and  control  mice.  Our  goal  is  to  apply  loads  that  produced  an  equivalent  amount  of  strain  in  the 
KO  and  control  mice  such  that  the  difference  in  bone  anabolic  response  induced  by  mechanical 
load  is  due  to  lack  of  osteoblast  derived  IGF-I  and  not  due  to  difference  in  mechanical  strain 
caused  by  varying  bone  size  (periosteal  circumference).  As  shown  in  figure  2,  6N  load  in  IGF-I 
KO  mouse  produces  mechanical  strain  equivalent  to  9N  load  in  the  control  mice.  Based  on  this 
data,  adjusted  loads  were  applied  on  both  sets  of  mice  using  a  four-point  bending  device  (4). 
The  loading  was  performed  under  Isoflurane  anesthesia  at  2Hz  frequency,  36  cycles,  once  per 
day  for  12  days.  The  right  tibia  was  used  for  loading  and  the  left  tibia  as  internal  contralateral 
control.  After  48  hours  of  the  last  loading,  skeletal  changes  were  measured  in  the  loaded  and 
non-externally  loaded  tibia  of  both  sets  of  mice  by  in  vivo  pQCT  (4).  The  mice  were  then 
euthanized  and  tibias  were  collected  for  further  experiments. 
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Figure  2:  Mechanical  strain  generated  for  varying  loads  in  the  tibia  of 
IGF-I  KO  and  control  mice.  The  y-axis  corresponds  to  mechanical  strain 
and  x-axis  corresponds  to  loads.  N=5  mice.  Values  are  mean  ±  SD. 


Figure  3,  shows  that,  in  response  to  12  days  of  four-point  bending,  the  loaded  bones  of 
control  mice  showed  significant  increase  in  the  newly  formed  bone  while  no  such  new  bone 
formation  was  seen  in  the  loaded  bones  of  IGF-I  KO  mice  (Figure  3).  Accordingly,  skeletal 
parameters,  such  as  total  area,  bone  mineral  content  and  bone  mineral  density,  measured  by 
pQCT,  were  significantly  increased  in  the  externally  loaded  bones  when  compared  to  non- 
externally  loaded  bones  of  control  mice  (Figure  4).  In  contrast,  in  the  IGF-I  KO,  many  of  these 
parameters  showed  little  or  no  change  in  response  to  loading  when  compared  to  non-externally 
loaded  bones  of  KO  mice  (Figure  4). 
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Controls 


Non=loaded  Loaded 


IGF-I  KO  mice 


Non-loaded  Loaded 


Figure  3:  Cross  sectional  area  of  the  externally  loaded  and  non- 
externally  loaded  bones  of  IGF-I  KO  and  control  mice  obtained  from 
pQCT  after  12  days  of  four-point  bending.  The  arrow  indicates  the 
newly  formed  bone.  The  white  color  corresponds  to  cortical  bone. 


Total  Area  BMC  BMD 


Figure  4:  Changes  in  skeletal  parameters  measured  by  pQCT  in  response  to  12  days  of 
four-point  bending  in  IGF-I  KO  and  littermate  control  mice.  The  y-axis  represents 
percent  increase  and  x-axis  represents  bone  parameters.  Values  are  mean  ±  SEM. 
BMC,  bone  mineral  content  and  BMD,  bone  mineral  density.  ap<0.05  vs. 
corresponding  non-externally  loaded  tibiae,  N=8/group. 


It  is  known  that  application  of  load  by  the  four-point  bending  technique  produces 
pressure  on  the  periosteal  bone.  Since  there  is  a  considerable  amount  of  new  bone  formation 
on  the  periosteal  surface  of  loaded  bone,  it  is  of  concern  whether  the  new  bone  formation 
response  to  loading  by  four-point  bending  is  due  to  mechanical  strain  on  the  bone  or  due  to 
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periosteal  pressure.  To  rule  out  the  possibility  that  the  skeletal  anabolic  response  induced  by 
bending  is  not  due  to  periosteal  pressure,  we  performed  a  sham  bending  experiment  in  which 
the  load  was  applied  for  the  same  period  of  time  but  not  cyclically.  In  this  study,  we  found  that 
sham-loading  neither  increased  periosteal  bone  formation  nor  caused  changes  in  expression 
levels  of  bone  marker  genes,  demonstrating  that  the  skeletal  changes  induced  by  bending  are 
not  due  to  periosteal  pressure  (13).  This  finding  also  applies  to  the  present  study  since  we  used 
the  same  loading  model  as  well  as  regimen. 

To  further  validate  the  pQCT  measurements,  we  measured  expression  levels  of  bone 
marker  genes  and  transcription  factors  induced  by  four-point  bending  in  both  control  and  IGF-I 
KO  mice.  The  rationale  for  selecting  these  genes  was  based  on  previous  studies  (4,  14).  We 
found  that  bone  sialoprotein  (BSP)  and  osteoblast  specific  factor  2  (OSF2)  were  increased  by  2- 
2.5  fold  in  the  loaded  bones  of  IGF-I  control  mice  while  in  the  IGF-I  KO  mice,  OSF2  decreased  by 
2.80  fold  and  no  significant  change  was  observed  in  BSP  of  the  loaded  bones  (Table-1).  These 
findings,  together,  reveal  that  osteoblast  derived  IGF-I  is  critically  important  in  mediating 
skeletal  anabolic  response  to  mechanical  loading.  Our  findings  also  suggest  that  Runx2  is 
downstream  of  the  IGF-I  signaling  pathway  in  the  loaded  bones.  Additional  studies  are  required 
to  further  validate  the  gene  expression  results. 

Table  1:  Quantitation  of  mRNA  levels  of  bone  genes  in  response  to  12  days  of  four-point 
bending  on  10  week  female  control  and  IGF-I  KO  mouse. 

A)  Control 


Genes 

Non-Loaded 

Loaded 

P-value 

Fold  Change 

Bone  sialoprotein 

23.07  ±0.14 

21.77  ±0.11 

0.01 

2.40  ±0.17 

Osteoblast  specific  factor  2 

31.75  ±0.22 

30.37  ±0.19 

0.04 

2.1  ±0.09 

B)  IGF-I  KO  mice 


Genes 

Non-Loaded 

Loaded 

P-value 

Fold  Change 

Bone  sialoprotein 

23.6  ±0.15 

23.99  ±0.16 

0.62 

1.3  ±0.2 

Osteoblast  specific  factor  2 

30.7  ±0.2 

32.3  ±0.18 

0.01 

sj/  2.80  ±0.2 

N=5,  the  values  mentioned  above  corresponds  to  Ct  (cycles)  obtained  from  real  time 
PCR  and  are  represented  as  mean  ±  SE. 

One  of  the  issues  that  is  repeatedly  raised  against  the  four-point  bending  method  of 
loading  is  that  this  model  induces  mainly  periosteal  bone  formation  since  the  mid  diaphysis  site 
at  which  loading  is  applied  contains  little  or  no  trabecular  bone.  In  terms  of  the  pathogenesis  of 
osteoporosis,  it  is  known  that  loss  of  trabecular  bone  is  a  major  contributor.  Therefore,  the 
next  goal  of  our  study  was  to  select  an  in  vivo  loading  model  that  can  stimulate  both  trabecular 
and  periosteal  bone  formation.  To  date,  a  number  of  loading  models  including  jump  exercise, 
wheel  running  and  axial  loading  have  been  used  to  evaluate  trabecular  bone  formation 
response.  We  chose  the  axial  loading  model  because  this  model  mimics  exercise  patterns  of 
walking  in  humans  and  has  been  shown  to  induce  both  cortical  as  well  as  trabecular  bone 
formation  response  to  mechanical  loading.  Furthermore,  studies  have  shown  that  axial  loading 
on  ulna  or  tibia  results  in  robust  increase  in  both  cortical  and  trabecular  bone  formation  after 
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two  weeks  of  mechanical  loading  (15-20).  Based  on  these  rationales,  we  next  evaluated  the 
trabecular  anabolic  response  to  axial  loading  in  both  IGF-I  KO  and  wild  type  mice. 

To  determine  the  effects  of  axial  loading  on  bone  formation  response,  we  generated 
both  male  and  female  IGF-I  KO  mice  and  control  mice  as  described  above.  Again,  due  to 
difference  in  bone  size  between  KO  and  wild  type  mice,  we  measured  mechanical  strain 
produced  by  loads  using  strain-gauge  technique  at  the  metaphysis  region  of  tibia.  The  strain 
data  shows  that  female  wild  type  and  KO  mice  produced  825  pe  and  780  pe,  respectively. 
Similarly,  the  male  wild  type  and  KO  mice  produced  773  pe  and  745  pe,  respectively.  Based  on 
these  data,  adjusted  loads  were  applied  to  both  male  and  female  IGF-I  KO  and  wild  type  mice 
such  that  both  sets  of  mice  receive  the  same  amount  of  mechanical  strain.  The  loading  was 
performed  40  cycles  with  10  seconds  rest  between  each  cycle  once  per  day  for  3  alternative 
days  for  2  weeks  (15, 16). 

In  order  to  measure  microarchitectural  changes  of  trabecular  bone  and  cortical  bone 
changes  in  response  to  two  weeks  of  axial  loading  we  used  Micro-CT,  a  high  resolution 
tomography  image  system  (Scanco  In  vivo  CT40,  Switzerland).  Routine  calibration  was 
performed  once  a  week  using  a  three-point  calibration  phantom  corresponding  to  the  density 
from  air  to  cortical  bone.  After  the  last  day  of  loading,  mice  were  euthanized  and  tibias  were 
collected  and  stored  in  IX  PBS  to  prevent  them  from  drying.  Scanning  was  performed  using 
75Kv  X-ray  at  resolution  of  10.5  pm.  To  minimize  the  position  error  (slice  positioning)  and  to  be 
consistent  in  our  sampling  site  from  mouse  to  mouse,  we  undertook  several  precautionary 
steps,  which  include:  1)  A  scout  view  of  the  whole  tibia  was  taken  first  in  the  micro-CT  to 
determine  landmarks  and  precise  selections  of  measurement  sites.  2)  We  used  growth  plate  of 
the  tibia  as  the  reference  point.  3)  To  measure  trabecular  parameters,  we  started  our  scan  30 
slices  away  from  the  growth  plate,  which  was  0.315  mm  and  progressing  towards  distal  up  to 
0.840  mm  providing  a  total  of  50  slices  (525  pm)  and  3)  Similarly,  to  measure  cortical 
parameters,  scanning  was  performed  at  5.5  mm  away  from  the  growth  plate  and  progressing 
towards  distal  up  to  6.55  mm,  providing  a  total  of  100  slices  (1050  pm).  This  area  of  scanning 
represents  37%  positioning  of  the  whole  bone.  After  acquiring  the  radiographic  data,  images 
were  reconstructed  by  using  2-D  image  software  (as  described  by  the  manufacturer).  The  area 
of  the  trabecular  bone  was  outlined  within  the  trabecular  compartment  and  a  similar  analysis 
was  done  for  the  cortical  bone.  Every  10  sections  were  outlined,  and  the  intermediate  sections 
were  interpolated  with  the  contouring  algorithm  to  create  a  volume  of  interest,  followed  by 
three  dimensional  analysis  using  Scanco  software.  Parameters  such  as  bone  volume  fraction 
(BV/TV,  %),  apparent  density  (mg  HA/ccm),  trabecular  number  (Tb.N,  mm-1),  trabecular 
thickness  (Tb.Th,  pm)  and  trabecular  space  (Tb.Sp,  pm)  were  evaluated  in  the  loaded  and  non- 
externally  loaded  bones  of  both  sets  of  mice.  The  values  shown  in  Figure  5  are  average  of  the 
above  slices  for  each  parameter.  Since  IGF-I  KO  mice  are  smaller  in  bone  length  compared  to 
wild  type  littermate;  we  adjusted  for  this  difference  in  length  using  standard  calculation  such 
that  the  sampling  site  is  same  for  both  sets  of  mice. 
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Figure  5:  Changes  in  cortical  parameters  at  the  diaphysis  measured  by  micro-CT  at  a 
resolution  of  10.5  micron  after  2  weeks  of  axial  loading  in  IGF-I  KO  and  wild  type  mice. 
The  y-axis  corresponds  to  %  change  and  x-axis  corresponds  to  bone  parameters.  The 
values  are  mentioned  as  Mean  ±  SE. 

Consistent  with  the  data  we  obtained  from  four-point  bending,  we  found  axial  loading 
increased  the  amount  of  cortical  bone  in  the  wild  type  but  not  in  the  IGF-I  knockout  mice.  Axial 
loading  increased  total  volume,  BMD  and  cortical  thickness  by  7  to  13%  in  the  wild  type, while  in 
the  IGF-I  KO  mice,  little  or  no  change  was  seen  in  these  parameters  in  response  to  loading 

(Figure  5). 

In  addition  to  cortical  bone,  we  measured  loading  induced  changes  in  trabecular 
parameters.  Figure  6  shows  micro-CT  images  of  the  loaded  vs.  non-loaded  bones  of  both  sets  of 
mice.  As  you  can  see  from  Figure  6,  the  loaded  tibia  of  control  mice  show  a  significant  increase 
in  the  new  bone  compared  to  non-loaded  tibia.  While  in  the  IGF-I  KO  mice,  there  is  no 
difference  between  loaded  and  non-loaded  tibia.  Quantitative  analysis  shown  in  Figure  7 
revealed  that,  in  response  to  2  weeks  of  axial  loading,  wild  type  mice  show  18-20%  increase  in 
BV/TV,  trabecular  thickness  and  BMD  with  5%  increase  in  trabecular  number.  Thus,  the 
mechanism  through  which  axial  loading  increases  trabecular  bone  in  the  wild  type  mice  is 
largely  by  increasing  the  thickness  of  existing  trabeculae  rather  than  generating  new 
trabeculae.  This  finding  is  consistent  with  previous  published  reports.  Surprisingly,  in  the  IGF-I 
KO  mice,  not  only  trabecular  volume  was  not  increased  but  we  also  observed  a  small  decrease 
in  the  trabecular  thickness  in  response  to  loading  (Figure  7).  Together,  findings  from  both 
loading  models  demonstrates  that  loading  increases  cortical  and  trabecular  bone  response  in 
the  IGF-I  control  mice  but  not  in  the  mice  that  are  deficient  in  osteoblast-derived  IGF-I. 
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Figure  6:  Micro-CT  images  of  loaded  vs.  non-loaded  trabecular  bone 
of  secondary  spongiosa  obtained  from  both  wild  type  and  IGF-I  KO 
mice  after  2  weeks  of  axial  loading. 


m  WT  ■  IGF-I  KO  N=10 


Figure  7:  Micro-CT  measurements  of  trabecular  parameters  of  secondary  spongiosa 
after  2  weeks  of  axial  loading  in  the  wild  type  and  IGF-I  KO  mice.  The  y  axis 
corresponds  to  percent  change  and  x-axis  corresponds  to  bone  parameters.  The  values 
are  mean  ±  SE,  N=10. 
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In  our  data  analyses,  we  combined  data  from  both  male  and  female  mice  of  each  group 
since  in  our  past  studies  we  did  not  find  appreciable  differences  in  skeletal  anabolic  response  to 
mechanical  loading  between  male  and  female  mice.  The  increased  cortical  and  trabecular  bone 
volume  in  the  loaded  bones  of  control  mice  could  be  due  to  increased  bone  formation  and/or 
decreased  bone  resorption.  To  evaluate  the  target  cell  types  affected  by  mechanical  loading, 
we  are  in  the  process  of  performing  histology  on  the  bones  used  for  micro-CT  analysis.  In 
addition,  we  are  also  generating  more  IGF-I  KO  and  wild  type  mice  to  perform  gene  expression 
studies  to  identify  the  signaling  pathways  impacted  by  the  lack  of  IGF-I  in  the  loaded  bones. 
The  outcome  of  this  work  will  be  reported  in  our  next  progress  report. 


Technical  Objective  2:  Continue  the  ongoing  studies  on  the  role  of  leptin  receptor  signaling 
pathway  in  mechanical  strain  response  in  osteoblasts. 

In  previous  reports,  we  have  presented  compelling  evidence  that  leptin  receptor  (Lepr) 
signaling  pathway  is  a  negative  mechanosensitivity  modulating  gene  or  pathway.  Briefly, 
heterozygous  male  and  female  leptin-deficient  ob'/ob'  breeder  mice  (B6.v-Lepob/J)  [in  C57BL/6J 
genetic  background]  were  obtained  from  the  Jackson  Laboratories  (Bar  Harbor,  ME)  to 
generate  the  ob/ob  colony  in  our  laboratory.  The  size  (i.e.,  periosteal  circumference,  measured 
by  pQCT)  of  tibia  of  ob'/ob'  mice  was  significantly  bigger  (by  ~14%)  than  that  of  age-matched 
female  C57BL/6J  tibia  (shown  in  previous  report).  Because  the  tibia  of  C57BL/6J  mice  with  a 
smaller  bone  size  had  experienced  a  much  higher  strain  at  any  given  load  than  tibias  of  ob'/ob ' 
mice,  a  significant  larger  load  is  needed  for  C57BL/6J  tibia  than  for  ob'/ob'  mice  to  achieve  an 


Figure  8:  The  bone  responses  in  the  tibia  (by  pQCT)  of  female  ob'/ob'  mice  (filled  bars)  after 
a  2-week  4-point  bending  exercise  as  opposed  to  those  in  the  tibia  of  female  C57BL/6J  mice 
(open  bars).  The  bending  exercise  was  performed  in  six  ob/ob  mice  and  twelve  C57BL/6J 
mice.  The  results  are  shown  as  relative  percent  change  from  the  unloaded  tibia  of  individual 
mouse  (mean  ±  SEM).  TA  =  total  area;  PC  =  periosteal  circumference;  mBMD  =  material  bone 
mineral  density;  vBMD  =  volumetric  BMD.  *p<0.05;  ***p<0.001. 
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equivalent  mechanical  strain  (shown  in  previous  report).  By  applying  a  similar  mechanical  strain 
to  female  ob'/ob'  mice  (~2,100  ps  or  a  9-N  load)  and  to  adult  female  age-matched  C57BL6/J 
mice  (~2,500  ps  or  a  6-N  load)  in  the  form  of  2-week  four-  point  bending  exercise,  we  found 
that  this  strain  increased  significantly  total  bone  mineral  content,  cortical  area,  cortical  content, 
cortical  thickness,  and  material  and  volumetric  bone  mineral  densities  at  the  site  of  loading  in 
ob'/ob'  mice  but  not  in  WT  control  mice  (Figure  8),  indicating  that  female  ob'/ob'  mice  exhibited 
an  enhanced  bone  formation  response  to  mechanical  loading. 

Our  previous  in  vivo  experiments  utilized  Leptin  deficient  rather  than  Leptin  receptor 
(Lepr)  deficient  mice.  In  order  to  ensure  that  the  observation  seen  with  leptin-deficient  mice 
was  due  to  the  lack  of  Lepr  signaling  and  not  indirectly  through  leptin  deficiency,  we  sought  to 
confirm  that  Lepr  deficient  mice  also  exhibited  an  enhanced  osteogenic  response  to  mechanical 
loading  on  periosteal  bone  formation  in  Lepr-deficient  mice.  For  this  work,  we  have  established 
a  Lepr  KO  mouse  colony  in  our  laboratory  for  investigation.  Accordingly,  we  have  purchased  a 
breeding  pair  of  heterozygous  Lepr  KO  mice  (B6.Cg-mLprdb/+  +/J)  from  the  Jackson 
Laboratories.  Homozygous  Lepr  KO  mice  are  infertile  and  cannot  be  used  for  breeding 
purposes.  Because  Leprdb  homozygotes  are  functionally  sterile,  the  coat  color  marker  misty  (m) 
has  been  incorporated  into  stocks  for  maintenance  of  the  diabetes  (db)  mutation.  The  misty 
mutation  was  introduced  to  produce  repulsion  double  heterozygotes  ( m  +/+  Leprdb)  for 
facilitating  the  identification  of  Leprdb  heterozygotes  during  breeding.  Three  types  of 
littermates  are  produced  from  breeding  these  heterozygotes:  the  misty  gray  homozygote  (m 
+/m  +),  the  black  db  heterozygotes  (m  +/+  Leprdb),  and  the  black  fat  db  homozygote  (Leprdb+/ 
Leprdb+). 

We  have  now  obtained  a  colony  of  Lepr  deficient  mice.  As  was  seen  in  leptin  deficient 
mice,  the  size  (periosteal  perimeter)  of  tibia  of  10-weeks-old  female  Lepr'/Lepr  mice  was  also 
significantly  smaller  than  that  of  tibia  of  age-matched  female  WT  littermates  (data  not  shown). 
Therefore,  the  load  applied  to  the  tibia  has  to  be  adjusted  for  each  mouse  strain,  such  that  a 
similar  mechanical  strain  is  applied  to  the  two  mouse  strains.  Accordingly,  a  9-N  load  was 
applied  to  the  WT  tibia,  which  yielded  a  strain  of  4603  ±  256  pstrain;  while  a  7-N  load  was 
applied  to  the  Lepr'/Lepr  tibia,  which  produced  a  strain  of  4549  ±  52  pstrain.  The  loading  was 
applied  at  2  Hz  for  36  cycles,  once  a  day  for  12  days.  The  animals  were  then  sacrificed  one  day 
after  the  last  loading,  and  de  novo  bone  formation  at  the  loaded  site  and  at  the  contralateral 
unloaded  site  of  each  animal  was  determined  by  pQCT. 

Figure  9  shows  that  at  the  test  mechanical  strain  (4,500-4,600  pstrain),  the  adult  female 
WT  littermates  (in  C57BL/6J  genetic  background)  responded  to  the  12  days  of  daily  mechanical 
loading  with  significant  increases  in  total  bone  area,  periosteal  circumference,  material  bone 
mineral  density,  and  volumetric  bone  mineral  density  by  5  to  10%.  However,  these  bone 
responses  of  the  age-matched  female  Lepr'/Lepr  KO  mice,  which  are  in  the  range  of  10-30%, 
were  significantly  much  greater  (p<0.05)  than  the  bone  responses  in  WT  littermates.  These 
results  are  consistent  with  the  contention  that  Lepr  and  its  signaling  mechanism  have  negative 
regulatory  actions  on  the  mechanosensitivity  of  bone.  These  results  also  confirm  that  the 
enhancing  effects  of  leptin  deficient  in  Ob'/Ob'  mice  were  due  to  Lepr  signaling  and  not  other 
effects  of  leptin. 
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Figure  9:  The  bone  responses  in  the  tibia  (by  pQCT)  of  female  Lepr/Lepr  mice  (filled  bars) 
after  a  12  days  of  weekly  4-point  bending  exercise  as  opposed  to  those  in  the  tibia  of  female 
WT  littermates  (open  bars).  The  bending  exercise  was  performed  in  six  Lepr/Lepr  mice  and 
six  WT  littermates.  The  results  are  shown  as  relative  percent  change  from  the  unloaded  tibia 
of  individual  mouse  (meaniSEM).  TA  =  total  area;  PC  =  periosteal  circumference;  mBMD  = 
material  bone  mineral  density;  vBMD  =  volumetric  BMD.  *p<0.05;  **p<0.01;  ***p<0.001. 
#p<0.05  compared  to  WT  littermates. 

To  further  assess  the  role  of  the  Leptin  and/or  the  Lepr  signaling  on  osteogenic  response 
to  mechanical  stimulation,  we  next  compared  the  biological  responses  of  primary  osteoblasts 
isolated  from  adult  female  WT  C57BL/6J  and  from  age-matched  ob'/ob'  leptin  deficient  mice. 
We  used  a  steady  fluid  shear  stress  as  a  surrogate  of  mechanical  loading.  In  these  studies,  we 
have  showed  that  the  30-min  steady  fluid  shear  of  20  dynes/cm2  (which  yielded  mechanical 
stress  to  the  cells  that  are  within  the  physiological  relevant  range)  produced  significantly 
greater  increases  in  [3H]  thymidine  incorporation  (an  index  of  cell  proliferation)  in  ob'/ob' 
osteoblasts  than  those  in  C57BL/6J  osteoblasts  and  osteoblasts  of  WT  ob+/ob+  littermates  (7). 

These  findings  support  the  interpretation  that  deficiency  in  leptin  and/or  Lepr  signaling 
led  to  an  enhanced  anabolic  response  to  fluid  shear  stress  in  primary  mouse  osteoblasts. 
Moreover,  we  also  showed  that  the  enhanced  mitogenic  response  to  fluid  shear  in  ob'/ob' 
osteoblasts  was  completely  obliterated  by  the  leptin  treatment  (shown  in  previous  report). 
These  preliminary  data  together  suggest  that  the  Lepr  signaling  has  a  negative  regulatory  role  in 
the  context  of  mechanotransduction.  These  in  vitro  data  are  also  consistent  with  the  in  vivo 
loading  data  that  deficiency  of  leptin  expression  or  Lepr  signaling  enhanced  the  osteogenic 
response  to  mechanical  stimulation. 

We  next  evaluated  whether  knocking  down  Lepr  expression  in  C57BL/6J  osteoblasts  by 
specific  siRNAs  against  leptin  receptor  would  affect  the  fluid  shear-induced  Erkl/2 
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phosphorylation.  For  this  work,  a  set  of  three  small-interfering  RNA  duplex  (siRNA)  specific  for 
mouse  Lepr  [i.e.,  Lepr  siRNAl  (target  sequence:  CCC  GAG  CAA  ATT  AGA  AAC  AAA),  Lepr  siRNA2 
(target  sequence:  ATC  GAT  GTC  AAT  ATC  AAT  ATA),  and  Lepr  siRNA3  (target  sequence:  TTG  AAG 
CTA  AAT  TTA  ATT  CAA)]  and  a  non-silencing  control  siRNA  without  any  homology  to  known 
mammalian  genes  were  designed  and  synthesized  by  Qiagen.  For  the  siRNA  experiment, 
primary  C57BL6/J  (B6)  or  C3H/HeJ  (C3H)  mouse  osteoblasts  (a  mouse  strain  that  is  relatively 
unresponsive  to  mechanical  loading  compared  to  the  C57BL/6J  mouse  strain)  were  seeded  at 
60,000  cells  in  24-well  plate  for  24  hr.  The  cells  were  tranfected  with  the  test  siRNAs  using  the 
HiPerFect  Transcription  reagent  (Qiagen).  Briefly,  3  pi  of  HiPerfect  Transcription  Reagent  was 
added  to  100  pi  of  DMEM  containing  75  ng  of  Lepr  or  negative  control  siRNA  duplex.  The 
reaction  mixture  was  incubated  for  10  min  at  room  temp  and  was  then  added  to  each  cell 
culture  well  containing  500  pi  of  fresh  DMEM  and  10%  FBS.  After  16  hr  of  incubation  at  37°C, 
the  medium  was  replaced  by  fresh  DMEM  containing  FBS.  The  effectiveness  of  Lepr  suppression 
was  assessed  by  Western  immunoblot  using  an  anti-Lepr  antibody  after  an  additional  24-48  hrs 
of  incubation  at  37°C.  The  protein  loading  was  normalized  against  the  cellular  actin  level  using  a 
specific  anti-actin  antibody.  Figure  10A  shows  that  the  24-hr  treatment  with  Lepr  siRNA2 
reduced  cellular  leptin  receptor  protein  level  in  B6  osteoblasts  by  >70%.  The  siRNA-mediated 
knockdown  of  Lepr  expression  in  C3H  osteoblasts  also  led  to  restoration  of  their  mitogenic 
responsiveness  ([3H]  thymidine  incorporation)  to  the  shear  stress  (Figure.  10B).  These  data 
support  our  contention  that  Lepr  or  its  signaling  is  a  negative  regulatory  mechanism  in  the 
context  of  mechanotransduction. 


Control  siRNA  Lepr  siRNA 


Figure  10:  siRNA-mediated  suppression  of  Lepr  expression  enhanced  basal  and  shear  [3H] 
thymidine  incorporation  in  C57BL/6J  osteoblasts  and  restored  the  mitogenic  response  of 
C3H/HeJ  osteoblasts  to  fluid  shear  in  vitro.  A  shows  the  effects  of  the  24-hr  treatment  of  a 
set  of  Lepr  siRNAs  (1-3)  alone  or  in  combination  (at  a  total  concentration  of  5  nM)  on  the 
cellular  Lepr  protein  level  in  C57BL/6J  osteoblasts.  Cellular  Lepr  protein  was  identified  by 
Western  blots  and  normalized  against  actin.  B  shows  that  suppression  of  Lepr  expression  in 
C3H/HeJ  osteoblasts  by  a  24-hr  treatment  with  5  nM  Lepr  siRNA2  restored  their  mitogenic 
response  to  the  30-min  fluid  shear  stress  of  20  dynes/cm2.  Cell  proliferation  was  measured 
by  [3H]  thymidine  incorporation  during  the  final  6  hrs  of  a  24-hr  incubation.  Results  are 
shown  as  mean  ±  SEM  (n=4). 
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Technical  Objective  3:  Evaluation  of  the  role  of  formin-2  (FMN2)  in  mediating  mechanical 
loading  response  on  the  skeleton. 

It  is  well  known  that  exercise  increases  bone  formation  but  the  molecular  components 
responsible  for  increased  bone  formation  resulting  from  exercise  are  not  well  known. 
Identifying  these  molecules  and  their  pathways  may  lead  to  a  better  understanding  of  how 
exercise  maintains  bone  health  and  could  lead  to  the  development  of  a  novel  therapeutic 
strategy.  To  date,  a  number  of  signaling  pathways  activated  by  mechanical  strain  have  been 
investigated  using  in  vitro  cell  culture  models.  While  the  data  generated  from  these  models 
have  identified  new  signaling  pathways  that  are  activated  by  mechanical  strain,  there  are 
certain  deficiencies  with  these  models.  For  example,  many  of  the  in  vitro  models  utilize 
homogeneous  population  of  cells  and  lack  vital  communication  between  various  types  of  cells 
and  cell-matrix  interactions  that  occur  in  vivo  at  the  three  dimensional  level.  Since  little  is 
known  on  the  molecular  components  that  are  activated  in  the  skeletal  tissue  in  response  to 
mechanical  loading  in  vivo,  we  performed  a  genome  wide  microarray  analysis  using  RNA 
extracted  from  a  good  responder  C57BL/6J  (B6)  mouse  to  identify  the  mechanoresponsive 
genes.  Of  the  346  genes  that  were  differentially  expressed  in  the  loaded  bones  compared  to 
externally  non-loaded  control  bones,  we  found  formin-2  mRNA  levels  were  increased 
significantly  (21).  Furthermore,  we  also  found  this  gene  to  reside  within  the  region  of 
mechanical  loading  Q.TL,  one  of  the  major  Q.TL  (Chr  1,  96cM)  that  we  identified  in  our  study  for 
bone  response  to  mechanical  loading  (Figure  11)  and  by  others  for  mechanical  properties  (13, 
14).  These  findings  let  us  to  speculate  that  FMN2  may  be  involved  in  mediating  the  anabolic 
effects  of  ML  on  bone  formation.  Based  on  the  above  rationale  and  our  preliminary  data,  we 
next  tested  the  hypothesis  that  bone  anabolic  response  is  mediated  by  FMN2. 
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To  test  the  above  hypothesis,  we  obtained  FMN2  knockout  mice  from  Dr.  Philip  Leder 
(Department  of  Human  Genetics,  Harvard  Medical  School,  Howard  Hughes  Medical  Institute, 
Boston,  MA).  These  mice  were  originally  generated  in  inbred  129Sv  by  homologous 
recombination  of  a  targeting  vector  with  1300  bp  of  the  FH1  domain  of  FMN2  deleted  and 
replaced  by  1257  bp  containing  the  PGK-Neo  gene  followed  by  stop  codons  in  all  three  reading 
frames.  Two  heterozygote  FMN2  (+/-)  male/female  pairs  were  bred  to  generate  wild  type  (+/+), 
and  knock  out  (-/-)  pups  to  perform  the  above  study. 

Before  proceeding  into  the  loading  experiment,  we  measured  bone  size  (periosteal 
circumference)  of  both  KO  and  wild  type  mice  by  using  pQCT.  This  is  because  the  amount  of 
mechanical  strain  exerted  by  a  given  load  is  largely  dependent  on  the  bone  size  (moment  of 
inertia)  such  that  a  mouse  with  a  larger  circumference  will  experience  lower  mechanical  strain 
and  vice  versa  for  a  mouse  with  a  small  circumference.  In  order  to  assure  that  the  difference  in 
skeletal  anabolic  response  to  loading  is  due  to  lack  of  FMN2  gene  and  not  due  to  difference  in 
bone  size,  we  measured  bone  size  by  pQCT  in  both  control  and  FMN2  KO  mice  before  initiation 
of  loading  experiment.  We  found  that  there  was  no  difference  in  the  bone  sizes  between  the 
two  sets  of  mice  and  therefore  we  chose  to  apply  same  mechanical  load  for  both  FMN2  KO  and 
control  mice.  At  10  weeks,  mechanical  loading  was  performed  using  four-point  bending  device. 
A  9N  load  was  applied  on  both  control  and  FMN2  KO  mice.  The  loading  was  performed  at  2Hz 
Frequency,  for  36  cycles,  once  per  day.  The  loading  was  carried  out  for  2  weeks  (6  day/week,  1 
day  rest)  under  Isoflurane  anesthesia.  The  left  tibia  was  used  for  loading  and  the  right  tibia  was 
used  as  the  contralateral  control.  After  48  hours  of  the  last  loading,  mice  were  anesthetized 
with  Isoflurane  and  skeletal  changes  were  measured  by  pQCT  in  the  loaded  and  non-externally 
loaded  bones  of  both  sets  of  mice.  The  results  from  our  study  show  that  skeletal  parameters 
were  increased  significantly  in  the  loaded  bones  compared  to  unloaded  bones  in  both  formin-2 
KO  and  control  mice,  but  no  differences  were  observed  between  the  two  genotypes  (Figure 
12).  The  lack  of  difference  in  the  anabolic  response  to  mechanical  loading  between  the  FMN2 
KO  and  control  mice  was  surprising  and  could  be  due  to  compensation  by  other  members  of 
the  formin  family  in  the  knockout  mice. 


■  Control  ■  Formin  1  KO 


BMC  TA  PC  EC  CTh  BMD 


Figure  12:  Changes  in  bone  parameters  measured  by  pQCT  in  response  to  12  days  of 
four-point  bending  on  10-week  control  and  formin-2  KO  mouse.  The  y-axis  corresponds 
to  percent  change  and  x-axis  corresponds  to  bone  parameters.  BMC;  bone  mineral 
content,  TA;  total  area,  PC;  periosteal  circumference,  EC;  Endosteal  circumference,  CTh; 
cortical  thickness  and  BMD;  bone  mineral  density.  Values  are  mean  ±  SE,  ap<0.05  vs. 
non-externallv  loaded  bones  and  N=7. 
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Technical  Objective  4:  Evaluate  if  14104M  gene  is  a  mechanosensitive  gene. 

As  a  part  of  another  army  funded  study,  we  used  ENU  (N-ethyl-N-nitrosourea) 
mutagenesis  in  the  mouse  model  to  identify  genes  that  regulate  bone  density  and  bone  size, 
two  important  determinants  of  bone  strength.  ENU  is  a  powerful  mutagen  that  causes  base 
transverse  and  point  mutation  in  the  genome  with  which  one  can  identify  and  study  a 
phenotype  of  interest  (22).  Using  this  approach,  our  group  established  several  lines  of  mutant 
mice  that  exhibit  differences  in  bone  size  or  bone  density  (23,  24).  One  such  a  mutant  line, 
termed  14104M,  exhibited  large  differences  in  bone  size  compared  to  corresponding  control 
mice.  Because  we  found  large  increases  in  periosteal  bone  formation  in  response  to 
mechanical  strain,  we  considered  the  possibility  that  14104M  gene  is  a  mechanoresponsive 
gene.  In  order  to  identify  the  candidate  gene  responsible  for  the  14104  mutant  phenotype,  we 
have  used  2  approaches;  single  nucleotide  polymorphism  (SNP)  analyses  and  gene  expression 
changes.  These  2  strategies  have  been  successfully  used  by  us  as  well  as  others  in  the 
identification  of  Q.TL  gene  for  a  variety  of  complex  phenotypes  including  bone  density  (25-29). 
The  SNPs  can  change  the  encoded  amino  acids  (nonsynonymous)  or  can  be  silent  (synonymous) 
or  simply  occur  in  the  noncoding  regions.  They  may  influence  promoter  activity  (gene 
expression),  messenger  RNA  (mRNA)  conformation  (stability),  and  subcellular  localization  of 
mRNAs  and/or  proteins  and  and  thereby  influence  gene  function.  To  identify  the  mutant  gene, 
we  are  using  a  functional  positional  candidate  gene  approach  in  which  candidate  genes  are 
identified  within  the  mutant  locus  based  on  their  known  functions  for  subsequent  sequencing 
the  coding  regions  of  selected  candidate  genes.  Table  2  represents  the  candidate  genes 
selected  for  sequence  analyses.  For  gene  expression  profiling,  we  have  used  microarray 
techniques  to  compare  gene  expression  between  RNA  isolated  from  the  mutant's  bones  and 
the  wild  type  B6  bones.  Identification  of  differentially  expressed  genes  that  are  located  within 
the  mutant  locus  or  signaling  pathway  affected  in  the  mutant  mice  will  lead  to  the  identification 
of  candidate  genes. 

Sequencing  candidate  genes 

(1)  Designed  oligos  to  amplify  the  appropriate  regulatory  regions. 

Using  NCBI  database,  we  have  designed  primers  that  over-lap  with  each  other  in  order  to  cover 
the  whole  coding  region  of  each  gene;  the  primers  used  are  described  in  Table  3. 

(2)  Prepare  cDNA  and  PCR  amplify  the  cDNA  fragments  from  the  mutant  and  B6  mice. 
RNA  was  isolated  from  tissues  obtained  from  B6  and  14104  mutant  mice.  cDNA  was  generated 
using  M-MLV  reverse  transcription  enzyme  (Promega,  Madison,  Wl,  USA)  .  Then,  after 
optimizing  the  PCR  condition  for  every  pair  of  primers,  we  prepared  5  x  100  pi  PCR  product 
from  every  segment  and  every  strain  (we  used  B6  and  mutant  DNA).  Then  the  PCR  products 
were  purified  using  QIAquik  PCR  purification  kit  from  Qiagen. 

(3)  Sequence  the  DNA  fragments  of  regulatory  regions.  5-20  ng  from  purified  PCR 
products  were  sequenced  using  the  ABI  machine. 

(4)  Compare  the  sequence  between  congenic  and  B6  mice. 
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Table  4  represents  a  summary  of  the  results  of  the  sequencing.  We  have  sequenced  the  coding 
regions  of  5  candidate  genes  but  no  SNP  was  found  between  the  14104  mutant  and  the  WT 
mice,  only  a  small  region  at  the  5'-end  of  the  Cbx2  gene  remains  to  be  sequenced. 

Expression  profiling 

For  expression  profiling,  we  have  used  cDNA  chips  from  lllumina  that  carry  27  000 
mouse  genes  and  37  000  probes,  with  8  control  genes  spotted  in  40-20  replicates.  Among  the 
175  genes  and  EST  in  the  region  109-119  Mb  of  chr  11,  10  showed  significant  difference 
(P<0.05)  in  the  expression  between  the  mutant  (mut)  and  the  wild  type  B6  (Table.  5).  The  genes 
that  showed  more  than  1.9-fold  change  between  the  mutant  and  the  wild  type  (WT)  mice  will 
be  rechecked  with  real  Time  PCR.  Then,  the  gene(s)  differentially  expressed  between  the 
mutant  and  the  WT  will  be  sequenced  to  identify  the  mutation  that  caused  the  difference  in  the 
expression. 

Table  2:  Selected  candidate  genes  from  the  14104  mutant  locus. 


Symbol,  Name 

Known  Molecular  or  Cellular 
Function  related  to  bone 

Skeletal  Phenotype  of 
Targeted  Disruption 

Axin2,  Axin  2 

Negatively  regulates  expansion  of 
osteoprogenitors  and  maturation 
of  osteoblasts 

Skeletal  defects, 
craniosynostosis 

Slc9a3rl,  solute  carrier 
family  9  (sodium/hydrogen 
exchanger),  isoform  3 
regulator  1 

osteoblast  differentiation 

Hypophosphatemia  and 
premature  death 

Sox9,  SRY-box  containing 
gene  9 

Transcriptional  regulation  of 
osteoblast 

Skeletal  dysplasias 

Grb2,  growth  factor 
receptor  bound  protein  2 

Intracellular  signaling  cascade, 
Negative  regulator  of 
osteoclastogenesis  and 
osteoblast  differentiation 

Enhanced  Bone  Volume, 
Craniofacial 

Cbx2,  chromobox  homolog 

2  (Drosophila  Pc  class) 

chromatin  assembly  or 
disassembly 

Mutations  cause 

malformations  of  the  axial 
skeletal 

Socs3,  Suppressor  of 
cytokine  signaling 

Involved  in  GH  signaling 
(JAK2)(STA5)  in  osteoblasts  and 
regulates  CDllc+  dendritic  cell- 
derived  osteoclastogenesis 

Decreased  embryo  size, 
increased  resistance  to 
induced-obeseity  diet,  weigh 
loss 
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Table  3:  The  sequences  of  the  primers  used  for  sequencing. _ 

Symbol  Name _ Sequence _ 

Axin2  Axin2  5  '-AG  CCCCT  G  CT  G  ACTT  AAG  AG 

5  '-GTTCATCTG  CCTG  AACCCAT 
5'-TAGGCGGAATGAAGATGGAC 
5  '-TG  GG  G  AG  GTAG  CCACATAAG 
5'-GGCAGTGATGGAGGAAAATG 
5'-CACGTAGGTTCCGGCTATGT 
5 '  -  AG  AGGTGGTCGT  CC  AA  AAT  G 
5'-AGAAAAGGAGGGGTCTGAGC 
5  '-ACCT  CT  G  CTGCCACAAAACT 
5'-CAAGACCAAGGAGGAGATCG 
5'-CAGGCTTCCTCTAGCTGTGC 
5  '-AG  CTACCCATTGG  AGTCTG  C 
5  '-GCTG  AG  CTG  CTCCTTG  AAGT 
5 '  -  AAG AG  CC AA AG  AAACT G  G  C A 
5'-GTCCCTCCCTAGGCTTTGTC 

_ 5'-CTGCGATGCATCTCTCTCTG 

solute  carrier  family  9 
(sodium/hydrogen  exchanger),  isoform 

Slc9a3rl  3  regulator  1  5 '-G AG AAAG GT CGT G AGT CCCC 

5'-GCTTGTTCGGACTTCTCCTG 
5'-CGGTGAGAATGTGGAGAAGG 
5  '-CCTT  GT  CT  ACCACCAG  CAG  C 
5'-TTGTGGAGGTCAATGGTGTC 

_ 5'-AAGGGGAGCTAGGTAGGGTG 

Sox9  SRY-box  containing  gene  9  5'-GGCAGCTGAGGGAAGAGGAG 

5  '-T  CCAG  AG  CTT  GCCCAG  AGT  C 

5  '-CAG  G  AAG  CTGG  CAG  ACCAGT 

5'-TGTTGGAGATGACGTCGCTG 

5'-TTGATCTGAAGCGAGAGGGG 

5'-TAGGAGATCTGTTGCGGGGA 

5  '-CTG  AG  CCCCAG  CCACTAC  AG 

5'-CTGGAATCCCAGCAATCGTT 


5'-CATTGTGTGTCCCAGTGTGC 
5'-CTTCACCACCCACAGGAAAT 
5'-GAGCCAAGGCAGAAGAAATG 
5'-AGTTGCAACCCAATGAGAGG 

chromobox  homolog  2  (Drosophila  Pc 

Cbx2  class)  5'-CTTTGTGTGCAGCAGTGAGC 


growth  factor  receptor  bound  protein 
Grb2  2 
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5'-TTTTTCTGAGGCACTGGATG 

5  '-ATCCAAATCCAG  CAGTTCGT 

5'-AACCTGACTCTGGCTCATGC 

5'-GCCAGTCTGATGAAAGGCAT 

5  '-TCAG  CTTTT  CCCCTTT  GTT  G 

5  '-GG  CTATTCCTG  CTACCAACC 

5  '-TCTCAG  G  AC  AG  GG  CAG  AGTT 

Socs3 

Suppressor  of  cytokine  signaling 

5  '-TAG  ACTTCACG  GCTG  CCAAC 

5  '-CCCT  CACACT  GG  ATG  CGTAG 

5  '-GTTG  AG  CGTCAAG  ACCCAGT 

5'-GGCTGGATTTTTGTGCTTGT 

Table  4:  Summary  of  the  sequencing  progress 


Symbol,  Name 

Coding 

sequence (bp) 

Region 

already 

sequenced 

(bp) 

SNPs  found 
(region  remained 
to  be  sequenced 
bp) 

Axin2,  Axin  2 

350-2872 

230-3024 

none 

Slc9a3rl,  solute  carrier  family  9 
(sodium/hydrogen  exchanger),  isoform  3 
regulator  1 

186-1253 

126-1315 

none 

Sox9,  SRY-box  containing  gene  9 

353-1876 

273-2064 

none 

Grb2,  growth  factor  receptor  bound 
protein  2 

332-985 

210-1128 

none 

Cbx2,  chromobox  homolog  2  (Drosophila 

Pc  class) 

81-1640 

423-1726 

None  (81-422  bp) 

Socs3,  Suppressor  of  cytokine  signaling 

377-1054 

264-1136 

none 

Table  5:  Genes  at  109-119  Mb  in  chr  11  that  showed  significant  difference  between  the 
14104  mutant  and  the  wild  type  B6  mice. 


Symbol,  Name 

Description 

ttest  (P  value) 

Fold- 

changel* 

Fold- 

change2# 

2600014M03Rik 

EST 

0.007815 

2.22757103 

1.326567 

Slc39all 

Solute  carrier  family  39  (metal 
ion  transporter),  member  11 

0.008198 

0.811734 

1.36306375 

2310075G12Rik 

EST 

0.013453 

0.814241 

1.36727384 
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Rhbdl6 

Rhomboid  5  homolog  2 
(Drosophila) 

0.019647 

1.349861 

2.26668677 

Sdk2 

Sidekick  homolog  2  (chicken) 

0.026345 

1.222787 

2.05330424 

Kctd2 

Potassium  channel 
tetramerisation  domain 
containing  2 

0.026628 

0.861888 

1.44728288 

1700012B07Rik 

EST 

0.031338 

1.262735 

2.12038517 

Recql5 

RecQ  protein-like  5 

0.041487 

1.157285 

1.94331246 

BC034097 

EST 

0.045313 

1.302127 

2.18653082 

Evpl 

Envoplakin 

0.046496 

1.23859 

2.07984009 

*Fold-change  before  normalization  and  #  after  normalization  with  al 

control  genes  in  the  chip 

To  determine  whether  the  genomic  region  responsible  for  the  14104M  phenotype  is 
also  responsible  for  mediating  or  regulating  anabolic  effects  of  mechanical  loading  on  bone 
formation,  we  propose  to  evaluate  the  bone  anabolic  response  to  mechanical  loading  in  14104 
mutant  and  corresponding  control  mice. 


A  B 


Figure  13:  Cross  sectional  area  of  the  right  tibia  obtained  by  pQCT  in  female  A)  littermate 
control  mice  and  B)  14104  mutant  mice. 


To  obtain  mutant  and  control  mice  for  mechanical  loading  studies  we  have  crossed 
14104  female  mutant  mice  with  C57BL/6J  male  mutant  mice  to  generate  pups.  At  9  weeks,  we 
performed  in  vivo  pQCT  on  the  tibia  of  these  mice  to  screen  for  mutant  and  littermate  control. 
We  choose  periosteal  circumference  as  an  endpoint  to  differentiate  the  mouse  lines. 
Quantitative  analysis  revealed  a  group  of  mice  with  reduced  periosteal  circumference  (4.42 
mm)  compared  to  another  group  of  mice  whose  periosteal  circumference  (5.01  mm)  was  very 
similar  to  the  control  C57BL/6Jmice.  Figure  13  shows  cross  sectional  area  of  the  female  mutant 
mice  versus  littermate  control  mice.  Based  on  this  phenotypic  difference,  we  segregated  the 
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mice  into  two  groups:  mutant  and  wild  type.  Once  these  mice  reach  10  weeks  they  will  be 
subjected  to  mechanical  loading  to  evaluate  the  skeletal  anabolic  response.  The  rationale  for 
selecting  10  week  age  for  the  mechanical  loading  study  is  based  on  our  findings  from  our 
previous  age-related  study. 

Before  proceeding  into  the  loading  experiment,  we  next  measured  mechanical  strain  on 
the  tibia  of  both  mutant  and  wild  type  mice.  This  is  because,  the  mechanical  strain  generated 
by  a  given  load  depends  largely  on  bone  size,  and  therefore,  we  predict  that  mice  with  smaller 
circumference  tend  to  produce  more  mechanical  strain  than  mice  with  larger  circumference.  In 
order  to  assure  that  the  difference  in  bone  anabolic  response  to  mechanical  loading  between 
14104  mutant  and  wild  type  mice  is  not  due  to  difference  in  mechanical  strain  produced  due  to 
bone  size  differences,  we  measured  mechanical  strain  by  using  strain  gauge  technique  on  tibia 
of  10  week  ENU  mutant  mice  and  wild  type  mice.  The  results  from  our  study  shows  that  female 
mutant  mice  produced  600  pe  (N=4)  and  wild  type  female  mice  produced  370pe  (N=4)  for  a  6N 
load.  Based  on  these  data,  we  propose  to  apply  6N  load  to  female  mutant  mice  and  10N  load  to 
female  wild  type  mice  such  that  both  mice  receive  same  amount  of  mechanical  strain. 
Currently,  we  are  in  progress  of  measuring  the  strain  rate  for  loads  on  male  mice.  We  are  also 
crossing  14104M  female  mutant  with  14104  male  mutant  mice  to  generate  more  pups.  We 
intent  to  use  some  of  these  pups  for  strain  gauge  experiment  since  we  need  more  data  points 
to  validate  above  strain  data  and  the  rest  will  be  used  for  axial  loading  once  the  appropriate 
load  is  selected  which  is  based  on  the  strain-gauge  data. 

Technical  Objective  5:  Evaluate  the  influence  of  mechanical  strain  on  bone  regeneration.  These 
studies  will  be  undertaken  during  the  remainder  of  the  no-cost  extension  period  (i.e.  Nov  09- 
Oct  10). 

Technical  Objective  6:  Continue  in  vitro  phosphorylation  studies  to  identify  signaling  proteins 
that  are  activated  by  mechanical  strain  in  KO  and  control  mice. 

Our  previous  studies  have  shown  that  mechanical  transduction  in  osteoblasts  involves 
protein-tyrosine  phosphorylation  of  key  signaling  proteins,  including  Ekrl/2  (shown  in  previous 
report),  that  is  known  to  mediate  various  anabolic  signaling  pathways  (6,7).  Accordingly,  to 
further  test  if  deficiency  of  leptin  or  Lepr  signaling  would  lead  to  an  enhanced  osteogenic 
response  to  mechanical  stimuli,  we  also  examined  the  effects  of  a  steady  fluid  shear  on  Erkl/2 
phosphorylation  in  osteoblasts  isolated  from  adult  female  ob/ob  mice  as  opposed  to  those  in 
adult  female  B6  osteoblasts  in  vitro.  For  comparison,  osteoblasts  of  the  WT  littermates  of  ob/ob 
mice  (ob+/ob+)  were  included.  In  addition,  to  evaluate  whether  the  increase  in  Erkl/2 
phosphorylation  was  associated  with  an  osteogenic  effects,  we  also  measured  [3H]thymidine 
incorporation  in  this  experiment.  The  data  represented  in  Figure  14  confirms  that  a  30-min 
steady  fluid  shear  of  20  dynes/cm2  significantly  stimulated  [3H]  thymidine  incorporation  and 
Erkl/2  phosphorylation  in  female  B6  osteoblasts.  The  same  shear  stress  produced  significantly 
greater  increases  in  [3H]thymidine  incorporation  and  Erkl/2  phosphorylation  in  ob'/ob' 
osteoblasts  than  those  in  B6  osteoblasts  and  osteoblasts  of  WT  ob+/ob+  littermates.  The  shear 
stress-induced  [3H]thymidine  incorporation  and  Erkl/2  phosphorylation  in  WT  ob+/ob+ 
osteoblasts  were  not  different  from  those  in  B6  osteoblasts.  These  results  are  highly 
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reproducible  and  were  seen  in  every  repeat  experiment.  Figure  15  shows  that  down-regulation 
of  Lepr  expression  in  C57BL/6J  osteoblasts  by  Lepr  siRNA2  enhanced  both  basal  (i.e.,  static 
control)  and  fluid  shear-induced  Erkl/2  phosphorylation  much  further  in  C57BL/6J  osteoblasts, 
indicating  that  regulation  of  mechanosensitivity  by  leptin  and/or  Lepr  signaling  also  involves 
mediation  of  protein-tyrosine  phosphorylation  of  Erkl/2  in  osteoblasts. 


_  Thymidine  Incorporation 


pErkl 

pErk2 

Total 

Erkl/2 


Erkl/2  Phosphorylation 
B6  oblob 


Control  Stressed  Control  Stressed 


Figure  14:  Effects  of  fluid  shear  on  [3H]thymidine  incorporation  (left)  and  Erkl/2 
phosphorylation  (right)  of  osteoblasts  of  adult  female  B6  mice,  wild-type  littermates  of  ob/ob 
mice  (WT  ob+/ob+),  or  ob/ob  (ob  /ob  )  mice.  In  left,  Results  are  shown  as  the  %  of  respective 
static  cells  (mean  ±  SD,  n  =  3).  *p<0.05  vs.  static  control,  and  #p<0.05  vs.  the  B6  and  WT  ob/ob 
cells.  In  right,  the  top  lane  was  a  representative  blot  of  pErkl  and  pErk2  using  an  anti-pErkl/2 
antibody.  The  bottom  lane  was  a  representative  blot  of  total  Erkl/2  identified  by  an  anti-pan 
Erk  antibody. 


Lepr  is  a  member  of  the  class  I  cytokine  receptor  family  and  uses  the  Jak2/Stat  3  pathway  as  its 
primary  signaling  pathway.  Thus,  we  measured  the  relative  levels  of  protein-tyrosine 
phosphorylated  (pY-)Jak2/Jak2  and  pY-Stat3/Stat3  as  an  index  of  activation  of  the  Lepr 
signaling,  in  C3H/HeJ  and  C57BL/6J  osteoblasts  without  (basal)  or  with  the  fluid  shear. 
Osteoblasts  of  ob/ob'  mice  were  included  in  this  experiment  for  comparison.  To  ensure  full 
activation  of  the  Lepr  signaling,  the  cells  were  pre-treated  with  100  ng/ml  leptin  for  24  hrs  prior 
to  the  shear  stress.  Figure  16A  shows  that  the  basal  leptin-dependent  increases  in  pY-Jak2  and 
pY-Stat3  levels  were  much  higher  in  the  C3H/HeJ  osteoblasts  than  those  in  C57BL/6J  and  ob' 
lob'  osteoblasts,  suggesting  that  C3H/HeJ  osteoblasts  have  a  functionally  more  active  Lepr 
signaling.  Figure  16B  also  shows  that  shear  stress  reduced  the  relative  amounts  of  pY-Jak2  and 
pY-Stat3  in  all  three  osteoblasts,  suggesting  that  fluid  shear  stress  may  have  suppressive  effects 
on  the  Lepr  signaling  in  mouse  osteoblasts. 
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Figure  15:  siRNA-mediated  suppression  of  Lepr  expression  enhanced  basal  and  shear  stress- 
induced  Erkl/2  phosphorylation  in  C57BL6/J  osteoblasts.  Total  Erkl/2  was  measured  with  an 
anti-pan-Erk  antibody. 
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Figure  16:  Effects  of  fluid  shear  stress  on  leptin-mediated  induced  phosphorylation  of  JAK2 
and  STAT3  (A)  and  on  the  amounts  of  co-immunoprecipitated  Jak2  and  Stat3  with  Lepr  in 
B6  osteoblasts  (B).  In  A,  primary  osteoblasts  isolated  from  B6,  ob-/ob-,  and  C3H  mice  were 
each  treated  with  100  ng/ml  leptin  with  or  without  the  30-min  steady  fluid  shear  stress  of 
20  dynes/cm2.  Ten  minutes  after  the  shear  stress,  the  stressed  cells  (St)  and  the 
corresponding  static  control  cells  (C)  were  lysed  in  RIPA,  and  the  relative  levels  of  pY-Jak2 
and  total  Jak2  as  well  as  those  of  pY-Stat3  and  total  Stat3  were  analyzed  by  Western  blot. 
In  B,  immediately  after  the  30-min  shear  stress,  cell  extracts  of  the  stressed  and  static 
control  B6  osteoblasts  were  immunoprecipitated  (IP)  with  anti-Lepr  and  blotted  (IB)  against 
anti-Jak2  (left  panel)  or  anti-Stat3  (right  panel). 
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It  is  interesting  that  the  total  Jak2  and  Stat3  levels  were  several  folds  higher  in  C3H  osteoblasts 
than  in  C57BL/6J  and  ob'/ob'  osteoblasts.  Thus,  inasmuch  as  the  fluid  shear  suppressed  the 
leptin-mediated  pY-Jak2  and  pY-Stat3  levels  in  C3H/HeJ  osteoblasts,  the  remaining  pY-Jak2  and 
pY-Stat3  levels  in  C3H/HeJ  osteoblasts  were  still  several  folds  higher  than  basal  pY-Jak2  and  pY- 
Stat3  levels  in  B6  and  ob'/ob'  osteoblasts. 

Other  members  of  the  class  I  cytokine  receptor  family  could  also  activate  the  Jak2/Stat3 
signaling.  To  ensure  that  the  fluid  shear-mediated  reduction  in  the  Jak2/Stat3  activation  was 
related  to  the  Lepr  signaling,  we  performed  a  co-immunoprecipitation  experiment  to  assess  the 
relative  amounts  of  Lepr-associated  Jak2/Stat3  in  B6  osteoblasts  (Fig.  16B).  The  fluid  shear 
reduced  markedly  the  amounts  of  Lepr-bound  Jak2  and  Stat3;  a  finding  consistent  with  the 
contention  that  the  reduced  Jak2/Stat3  activation  was  related  to  the  shear  stress-mediated 
reduction  in  the  Lepr  signaling. 

In  studies  with  respect  to  the  role  of  IGF-I  signaling  in  mechanotransduction  involving 
protein-tyrosine  phosphorylation,  we  are  now  using  a  knock  out  approach,  which  has 
demonstrated  that  osteoblast  derived  IGF-I  is  critical  in  mediating  skeletal  anabolic  response  to 
mechanical  loading.  The  next  phase  of  our  study  is  to  identify  the  genes  and  the  signaling 
pathways  that  are  down  stream  of  IGF-I  involved  in  increasing  the  bone  formation  in  response 
to  mechanical  loading.  To  do  so,  we  generated  IGF-I  KO  and  littermate  wild  type  mice.  At  5 
weeks  of  age,  these  mice  were  euthanized  and  tibias  were  collected,  marrow  flushed  and 
stored  in  DMEM+  antibiotic  tube.  Later,  to  harvest  primary  osteoblast  cells,  these  bones  were 
chopped  and  incubated  at  37^C  for  2  hour  with  0.1%  collagenase.  After  the  incubation, 
supernatant  were  discarded  and  cells  were  collected  and  transferred  to  a  culture  plate  that 
contains  10%  FBS,  antibiotics  and  DMEM.  Currently  we  are  setting  up  the  fluid  flow  stress  to 
perform  in  vitro  mechanical  stimulation  on  the  collected  primary  osteoblast  cells  from  both  KO 
and  wild  type  mice.  Once  mechanical  stimulation  is  completed,  protein  will  be  extracted  from 
the  mechanical  stimulated  vs.  non-stimulated  cell  and  western  blot  approach  will  be  used  to 
evaluate  signaling  proteins  that  are  increased  in  response  to  mechanical  loading.  The  findings  of 
this  study  will  be  reported  in  our  next  progress  report. 

Technical  Objective  7:  Continue  data  analysis  and  prepare  manuscripts  for  submission  to  peer 
review  journals  for  publication 

We  have  submitted  a  manuscript  on  our  results  of  the  potential  role  of  leptin  receptor 
as  a  negative  regulator  of  mechanosensitivity  (The  leptin  receptor  signaling  functions  as  a 
negative  modulator  of  bone  mechnosensitivity  in  mice)  for  publication  in  the  Journal  of 
Biological  Chemistry.  This  manuscript  has  been  reviewed  and  is  potentially  acceptable  for 
publication  upon  appropriate  revision.  We  are  now  in  the  process  of  revising  the  manuscript  for 
resubmission. 

We  have  completed  the  data  analysis  for  the  previous  bone  termination  study  and  have 
communicated  to  peer  review  journal.  Currently,  we  are  organizing  the  data  generated  from 
IGF-I  KO  mice. 
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Technical  Objective  8:  Prepare  final  progress  report  for  submission  to  TATRC.  This  technical 
objective  will  be  completed  during  the  remainder  of  the  no-cost  extension  period. 


Key  Findings 


1.  Mechanical  loading  by  four-point  bending  in  the  mid-diaphysis  produced  osteogenic 
response  in  the  wild  type  mice  but  not  in  the  conditional  IGF-I  KO  mice. 

2.  Axial  loading  of  tibia  increased  both  cortical  and  trabecular  BMD  in  the  wild  type  mice 
but  not  in  the  conditional  IGF-I  KO  mice. 

3.  Mechanical  loading-induced  increase  in  Runx2  expression  failed  to  occur  in  the  IGF-I  KO 
mice,  thus  suggesting  IGF-I  is  essential  for  mechanical  loading-induced  increase  in  Runx2 
expression. 

4.  Mechanical  loading-induced  increases  in  bone  density  and  bone  size  were  not  any 
different  between  the  Formin-2  KO  and  wild  type  mice. 

5.  Our  in  vitro  data  together  with  the  in  vivo  loading  data  demonstrate  that  deficiency  of 
leptin  expression  or  Lepr  signaling  enhanced  the  osteogenic  response  to  mechanical 
stimulation 

6.  Several  potential  functional  candidates  in  the  mutant  locus  of  14104M  did  not  show 
mutation  in  the  coding  region. 


Conclusions 


1)  Osteoblast  produced  IGF-I  is  essential  for  the  mechanical  loading-induced  increase  in 
new  bone  formation,  thus  suggesting  that  other  growth  factors  cannot  compensate  for 
the  lack  of  local  IGF-I  to  produce  skeletal  anabolic  response  to  mechanical  loading. 

2)  Formin-2  KO  study  proves  that  this  gene  is  not  a  major  mediator  of  skeletal  anabolic 
response  to  loading. 

3)  Our  sequencing  studies  of  functional  positional  candidates  in  the  14104M  mutant  locus 
reveal  that  14104M  gene  is  a  novel  gene  that  regulates  bone  size. 

4)  Our  in  vivo  and  in  vitro  findings  demonstrate  that  leptin  signaling  is  an  important 
negative  regulator  of  mechanical  loading  response. 


Reportable  Outcomes 


1.  Oral  presentation  at  30th  meeting  of  ASBMR  for  the  paper  entitled  "Conditional 
Disruption  of  IGF-I  Gene  in  Osteoblasts  Demonstrates  Obligatory  and  Non-Redundant 
Role  of  IGF-I  in  Skeletal  Anabolic  Response  to  Mechanical  Loading,  2009. 

2.  Kesavan  Chandrasekhar  and  Subburaman  Mohan.  Bone  mass  gained  in  response  to 
external  loading  is  lost  following  cessation  of  loading  in  10  week  C57BL/6J  mice. 
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Manuscript  communicated  to  Biomechanics  and  Modeling  in  Mechanobiology,  waiting 
for  reply  2009. 
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APPENDIX  1 


Oral  presentation  at  30th  meeting  of  ASBMR  for  the  paper  entitled  “Conditional 
Disruption  of  IGF-I  Gene  in  Osteoblasts  Demonstrates  Obligatory  and  Non-Redundant 
Role  of  IGF-I  in  Skeletal  Anabolic  Response  to  Mechanical  Loading,  2009. 

Conditional  Disruption  of  IGF-I  Gene  in  Osteoblasts  Demonstrates  Obligatory  and  Non- 
Redundant  Role  of  IGF-I  in  Skeletal  Anabolic  Response  to  Mechanical  Loading.  C. 
Kesavan*,  J.  Wergedal,  S.  Mohan.  JLP  VA  Med  Ctr  and  Loma  Linda  Univ,  Loma  Linda, 
CA  92357,  USA. 

Although  a  key  role  for  mechanical  stress  (MS)  in  the  development  of  skeletal 
architecture  and  in  the  maintenance  of  bone  mass  is  well  established,  little  is  known 
about  the  genes  and  their  signaling  pathways  that  contribute  to  MS  response  in  bone  in 
vivo.  Based  on  the  findings  that  the  expression  of  IGF-I,  a  key  bone  formation  (BF) 
regulator,  increases  rapidly  in  response  to  MS  in  osteoblasts  (OBs)  in  vitro  and  in  vivo, 
we  proposed  the  hypothesis  that  OB  produced  IGF-I  is  the  key  mediator  of  skeletal 
anabolic  response  to  MS.  To  test  the  cause  and  effect  relationship  of  OB  produced  IGF-I 
and  skeletal  anabolic  response  to  mechanical  loading  (ML),  we  generated  mice  with 
conditional  disruption  of  IGF-I  in  OBs  using  Cre/loxP  technology.  In  our  initial  study,  a 
4-point  bending  device  was  used  to  apply  daily  a  load  to  the  mid  diaphysis  of  tibia  of  10- 
wk  old  mice  at  a  frequency  of  2Hz  for  36  cycles  for  a  period  of  2  weeks.  Because  bone 
size  was  smaller  in  the  knockout  (KO)  compared  to  wild  type  (WT)  mice,  the  load  was 
adjusted  such  that  the  applied  load  produced  equivalent  amount  of  strain  in  both  KO  and 
WT  mice.  Measurement  of  skeletal  changes  by  pQCT  revealed  that  two  weeks  of  ML 
caused  a  robust  10%  (P<0.05)  and  39%  (P<0.01)  increases  in  BMD  and  cross  sectional 
area  (CSA),  respectively,  in  the  WT  mice.  However,  application  of  the  same  amount  of 
strain  to  KO  mice  did  not  significantly  increase  either  BMD  (3.2%)  or  CSA  (3%). 
Accordingly,  expression  levels  of  BSP  (2.4  fold,  P<0.01)  and  runx2  (2.1  fold,  P=0.05)  as 
measured  by  real  time  RT-PCR  were  increased  significantly  in  response  to  ML  in  the  WT 
but  not  KO  mice.  To  determine  if  OB-produced  IGF-I  is  also  necessary  for  ML-induced 
changes  in  trabecular  bone,  we  next  used  tibial  axial  loading  model  to  apply  12N  in  WT 
and  6.5  N  in  KO  of  axial  load  to  generate  825  and  747ps  strain,  respectively,  in  the  WT 
and  KO  mice  at  10  weeks  of  age.  Micro-CT  analyses  of  newly  formed  trabecular  bone  at 
secondary  spongiosa,  at  10.5p  resolution,  revealed  23%,  19%  and  21%  (all  P<0.05) 
increases  in  trabecular  BV/TV,  thickness  and  density  in  the  loaded  bones  of  WT  mice 
compared  to  corresponding  non-loaded  bones.  In  contrast,  trabecular  bone  parameters,  if 
any,  were  decreased  in  the  loaded  bones  of  KO  mice.  We  conclude  that  OB  produced 
IGF-I  is  obligatory  for  the  ML-induced  increase  in  new  BF,  thus  suggesting  that  other 
growth  factors  cannot  compensate  for  lack  of  local  IGF-I  to  produce  skeletal  anabolic 
response  to  ML. 
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Abstract:  Dynamic  loads  lead  to  increases  in  bone  mass.  How  long  these  gains  are  maintained  after 
cessation  of  loading,  however,  is  not  fully  understood.  To  address  this,  a  long  term  study  was 
performed  in  which  skeletal  changes  were  monitored  every  2-4  weeks  for  a  12  week  period  following 
application  of  external  loading  to  the  right  tibia  of  10  week  old  female  C57BL/6J  mice.  2  weeks  of 
loading  caused  a  drastic  40%  increase  in  cross  sectional  area  (CSA)  and  15%  increase  in  total  vBMD  as 
measured  by  pQCT.  Accordingly,  the  bone  parameters  related  to  bone  strength  (yield  load,  maximum 
load  and  toughness)  were  also  increased  (29-42%)  significantly  when  compared  to  non-externally 
loaded  bones.  Presence  of  significant  correlations  between  bone  parameters  and  mechanical 
properties  (r=0.72  to  0.88,  p<0.05)  suggest  that  the  changes  in  bone  parameters  induced  by  loading 
are  responsible,  in  part,  for  the  increase  in  bone  strength  after  the  last  loading.  However,  cessation  of 
loading  resulted  in  a  continuous  loss  of  BMD  and  CSA  as  well  as  bone  strength.  The  vBMD  returned  to 
normal  at  12  weeks  with  a  half  life  of  6  weeks  and  CSA  declined  with  a  half  life  of  8.5  weeks  and  was 
still  elevated  at  12  weeks.  Our  results  show  that  external  loading  increased  bone  mass  temporarily  and 
that  periodic  loading  maybe  necessary  to  maintain  long  term  bone  strength. 


Manuscript 

Click  here  to  download  Manuscript:  Manuscript.doc 


Click  here  to  view  linked  References 


Bone  mass  gained  in  response  to  external  loading  is  lost  following  cessation  of 
loading  in  10  week  C57BL/6J  mice 


Chandrasekhar  Kesavan  and  Subburaman  Mohan 


Chandrasekhar  Kesavan 

Musculoskeletal  Disease  Center,  VA  Loma  Linda  Healthcare  System,  Loma  Linda,  CA 
92357. 

Email:  Chandrasekhar. Kesavan @ va. gov 
2Subburaman  Mohan 

Musculoskeletal  Disease  Center  (151),  VA  Loma  Linda  Health  Care  System,  Loma 
Linda,  CA  92357. 

Department  of  Medicine,  Physiology  and  Biochemistry,  Loma  Linda  University,  Loma 
Linda,  CA  92354. 

Email:  Subburaman.Mohan @ va. gov 


Address  correspondence: 

Subburaman  Mohan,  Ph.D 
Musculoskeletal  Disease  Center  (151), 

Jerry  L.  Pettis  Memorial  VA  Medical  Center, 
11201  Benton  Street,  Loma  Linda,  CA  92357. 
Email:  Subburaman.Mohan@va.gov, 

Ph:  909-825-7084  Extension:  2932 
Fax:  909-796-1680 


1 


Abstract 


Dynamic  loads  lead  to  increases  in  bone  mass.  How  long  these  gains  are  maintained  after 
cessation  of  loading,  however,  is  not  fully  understood.  To  address  this,  a  long  term  study 
was  performed  in  which  skeletal  changes  were  monitored  every  2-4  weeks  for  a  12  week 
period  following  application  of  external  loading  to  the  right  tibia  of  10  week  old  female 
C57BL/6J  mice.  2  weeks  of  loading  caused  a  drastic  40%  increase  in  cross  sectional  area 
(CSA)  and  15%  increase  in  total  vBMD  as  measured  by  pQCT.  Accordingly,  the  bone 
parameters  related  to  bone  strength  (yield  load,  maximum  load  and  toughness)  were  also 
increased  (29-42%)  significantly  when  compared  to  non-extemally  loaded  bones. 
Presence  of  significant  correlations  between  bone  parameters  and  mechanical  properties 
(r=0.72  to  0.88,  p<0.05)  suggest  that  the  changes  in  bone  parameters  induced  by  loading 
are  responsible,  in  part,  for  the  increase  in  bone  strength  after  the  last  loading.  However, 
cessation  of  loading  resulted  in  a  continuous  loss  of  BMD  and  CSA  as  well  as  bone 
strength.  The  vBMD  returned  to  normal  at  12  weeks  with  a  half  life  of  6  weeks  and  CSA 
declined  with  a  half  life  of  8.5  weeks  and  was  still  elevated  at  12  weeks.  Our  results  show 
that  external  loading  increased  bone  mass  temporarily  and  that  periodic  loading  maybe 
necessary  to  maintain  long  term  bone  strength. 

Key  words:  density,  bone  fate,  physical  exercise,  rehabilitation,  Mice 
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1  Introduction 


It  is  now  well  established  that  mechanical  loading  is  an  effective  stimulator  of 
bone  formation.  Past  studies  using  animal  and  human  models  have  shown  that  loading 
increases  bone  formation  while  non-loading,  such  as  prolonged  bed  rest,  immobilization, 
and  space  flight,  results  in  increase  in  bone  loss  (Bailey  &  McCulloch,  1990;  Akhter  et 
al.,  1998;  Kesavan  et  al.,  2005;  Kodama  et  al.,  2000;  Lang  et  al.,  2006;  Mori  et  al.,  2003; 
Turner  &  Robling,  2004;  Bikle  &  Halloran,  1999;  Bikle  et  al.,  2003).  We,  and 
others,  using  inbred  strains  of  mice,  have  reported  that  mechanical  loading  causes 
increases  in  the  bone  mineral  density  (BMD)  when  measured  by  peripheral  quantitative 
computed  tomography  (pQCT)  (Kesavan  et  al.,  2005;  Akhter  et  al.,  1998).  Thus,  physical 
exercise  has  been  used  as  a  strategy  to  maintain  BMD  and  prevent  osteoporotic  fractures 
in  men  and  women. 

Recent  clinical  studies  in  young  and  postmenopausal  women  who  were  subjected 
to  treadmill  exercise  have  shown  that  exercise  induced  benefits,  such  as  increases  in 
BMD  and  bone  mineral  content  (BMC),  are  eventually  lost  if  exercise  is  ceased 
completely  (Dalsky  et  al.,  1988).  Similar  data  was  presented  by  Vuori  et  al.  when 
reporting  that  unilateral  leg  presses  done  four  times  a  week  for  12  months  increased  bone 
mass  (BMD)  but  returned  to  pre-training  levels  with  only  3  months  of  retirement  from 
exercise  (Vuori  et  al.,  1994;  Karlsson,  2003).  Data  from  various  independent  studies  in 
humans  suggest  that  exercise  induced  bone  mass  benefits  seem  to  be  eroded  by  time. 
Animal  studies  using  rat  model  have  shown  that  increased  femoral  BMD,  gained  through 
treadmill  exercise,  resulted  in  decreased  bone  formation  rate  after  deconditioning 
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(Iwamoto  et  al.,  2000;  Pajamaki  et  al.,  2003).  We,  and  others,  have  previously  shown  that 
C57BL/6J  (B6),  a  low  bone  density  mouse,  responds  well  to  mechanical  loading.  We 
have  reported  that  2  weeks  of  mechanical  loading  by  four-point  bending  causes  a  10-15% 
increase  in  tibia  BMD  and  30-40%  increase  in  cross-sectional  area  in  10  week  old  female 
B6  mice  (Kesavan  et  al.,  2005).  We  have  extended  this  study  further  to  examine  how 
long  this  newly  formed  bone,  induced  by  four-point  bending,  is  maintained  and  its  fate 
after  cessation  of  loading,  using  the  good  responder,  B6  mouse. 

2  Materials  and  methods 

Mice 

Female  C57BL/6J  were  purchased  from  the  Jackson  Laboratory  (Bar  Harbor, 
Me).  All  mice  were  housed  under  the  standard  conditions  of  14-hour  light  and  10-hour 
darkness,  and  had  free  access  to  food  and  water.  The  body  weights  of  these  animals 
measured  before  the  initial  loading  were  18.32  ±  0.79  grams.  The  experimental  protocols 
were  in  compliance  with  animal  welfare  regulations  and  approved  by  our  local  IACUC. 

In  vivo  loading  model/  regimen 

At  10  weeks  of  age  the  mice  were  subjected  to  mechanical  loading  using  the  four- 
point  bending  device  as  described  previously  (Kesavan  et  al.,  2005).  The  loading  protocol 
consists  of  a  9.0  Newton  (N)  force  at  a  frequency  of  2  Hz  for  36  cycles,  performed  daily 
under  inhalable  anesthesia  (5%  Halothane  and  95%  oxygen).  The  loading  procedure  was 
repeated  for  6  days/week  with  1  day  of  rest  for  2  weeks.  The  right  tibia  (externally  loaded 
bone)  was  used  for  loading  and  the  left  tibia  (non-extemally  loaded  bone)  as  internal 


4 


control  in  each  mouse.  A  schematic  representation  of  the  study  design  is  shown  in 
Figure.  1 

Peripheral  quantitative  computed  tomography  (pQCT)  measurements 

To  measure  loading  induced  changes  in  bone  parameters  in  the  externally  loaded 
and  contralateral  control  tibia,  we  used  pQCT  (Stratec  XCT  960M,  Norland  Medical 
System,  Ft.  Atkinson,  WI)  as  described  previously  (Kesavan  et  al.,  2005;  Kesavan  et  al., 
2006).  In  vivo  pQCT  measurements  were  performed  at  0,  2,  4,  6,  8,  and  12  weeks  after 
the  last  loading  regimen. 

Mechanical  properties  of  bone 

Tibiae  were  stored  frozen  in  gauze  moistened  with  PBS  and  thawed  in  PBS  at 
4°C.  The  anterior-posterior  diameter  (AP.Dm)  and  lateral-medial  diameter  (LM.Dm) 
were  measured  with  calipers.  The  tibiae  were  tested  in  three-point  bending  using  the 
Instron  DynaMight  testing  system  (Model  8840;  Instron,  Canton,  MA,  USA)  as 
previously  described  (Wergedal  et  ah,  2002).  Each  tibia  was  placed  on  two  immovable 
supports  which  were  5  mm  apart.  An  initial  1.0  N  was  applied  on  the  tibia  at  a  position  of 
2.10  mm  away  from  the  tibia-fibular  junction  to  prevent  the  rotation  of  the  bone  due  to 
the  shape  of  tibia  and  to  be  consistent  in  breaking  region  between  the  bones.  Furthermore, 
this  area  corresponds  to  the  4  mm  loading  region.  It  was  then  loaded  from  this  midpoint 
at  a  constant  rate  (2  mm/minute)  to  the  point  of  fracture.  Load  displacement  curves  were 
used  to  calculate  yield  load  (Py),  maximum  load  (Pmax)  and  toughness  (Ut).  Cross 
sectional  moment  of  inertia  was  calculated  from  the  measured  anterior-posterior  Dm  and 
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lateral-medial  Dm  and  from  the  average  cortical  thickness  obtained  by  pQCT  analysis  as 
previously  described  (Wergedal  et  al.,  2006). 

Statistical  analysis 

Data  are  presented  as  Mean  ±  Standard  error  (SE).  Loading  induced  changes  in 
skeletal  parameters  were  determined  by  calculating  percent  changes  in  the  externally 
loaded  bone  versus  non-externally  loaded  bone  of  the  same  animal  to  avoid  any  inherent 
variation  between  animals.  Regression  analysis  and  standard  t-test  were  used  to  compare 
loading  induced  skeletal  changes.  We  used  STATISTICA  software  (StatSoft,  Inc  version 
7.1,  2005)  for  our  analysis  and  the  results  were  considered  significantly  different  at 
p<0.05. 

3  Results 

Bone  anabolic  response  after  cessation  of  loading 

Two  weeks  of  mechanical  loading  by  four-point  bending  increased  bone  mineral 
content  (BMC)  by  45%  in  the  loaded  bone  compared  to  corresponding  non-externally 
loaded  bone.  The  increased  BMC  was  maintained  (10-45%)  throughout  the  12  week 
cessation  period  after  last  loading  (Fig.2A).  The  increased  BMC  in  the  loaded  bone  is 
caused  by  both  bone  size  and  BMD  changes.  Bone  size,  as  reflected  by  periosteal 
circumference  was  increased  by  18%  after  two  weeks  of  mechanical  loading  and  was 
significantly  different  from  corresponding  non-externally  loaded  bone  throughout  the 
entire  study  (Fig.2B).  vBMD  was  increased  by  14%  after  two  weeks  of  mechanical 
loading  and  remained  high  only  until  4  weeks  after  cessation  of  exercise  (Fig.2C). 
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Figure  3  shows  loss  rate  of  loading-induced  increases  in  bone  size  and  BMD  as  a 
function  of  time  after  cessation  of  last  loading.  Both  cross  sectional  area  (CS  A)  and  BMD 
were  lost  with  time  but  at  different  rates.  The  pQCT  images  of  externally  loaded  and 
non-extemally  loaded  bones  immediately  after  last  loading  and  8  weeks  after  cessation  of 
loading  reveal  that  much  of  the  newly  formed  bone  at  the  loaded  site  is  lost  at  the  end  of 
experimental  period  (Fig.4). 

Bone  mechanical  properties  after  termination  of  loading 

To  determine,  if  loading  induced  changes  in  bone  parameters  reflect  an  increase 
or  decrease  in  mechanical  properties  of  bone,  we  performed  a  bone  breaking  study  at  0 
time  and  at  12  weeks  after  cessation  of  last  loading  by  using  a  three-point  bending  device. 
We  found  that  immediately  after  2  weeks  of  loading  yield  load,  maximum  load  and 
toughness  were  significantly  increased  by  42%,  29%  and  42%,  respectively  in  the 
externally  loaded  bones  compared  to  non-extemally  loaded  bones  (Table  1).  However,  at 
12  weeks,  there  was  no  difference  in  these  parameters  between  externally  loaded  and 
non-extemally  loaded  bones  (Table  1). 

4  Discussion 

In  this  study,  the  choice  of  inbred  strain  of  mice,  the  loading  device  and  regimen 
used  were  chosen  based  on  previous  findings  (Kesavan  et  al.,  2006;  Kesavan  et  al., 
2005).  Two  weeks  of  four-point  bending  on  the  right  tibiae  when  compared  to  left  tibiae 
resulted  in  a  significant  increase  in  bone  parameters,  such  as  BMC,  CSA  and  BMD,  as 
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shown  in  Figure.2.  The  magnitude  of  increase  in  skeletal  parameters  after  2  weeks  of 
loading  is  consistent  with  our  previous  study  (Kesavan  et  al.,  2005).  However,  in  this 
study,  we  show  that  this  increase  in  CSA  and  BMD  gained  immediately  after  loading  did 
not  continue  over  time  after  the  cessation  of  last  external  loading.  This  is  because  BMD 
increased  with  age  in  non-externally  loaded  tibiae  but  not  in  the  externally  loaded  tibiae 
and  as  such  the  difference  in  BMD  between  externally  loaded  and  non-externally  loaded 
bones  was  lost  4  wks  after  cessation  of  loading  (Fig.2).  This  suggests  that  bone  anabolic 
response  does  not  continue  once  loading  is  terminated. 

We  also  found  that  the  loading  induced  a  15%  and  40%  increase  in  BMD  and 
CSA,  respectively,  immediately  after  2  weeks  of  four-point  bending  (Fig.3).  However, 
cessation  of  loading  resulted  in  a  continuous  loss  of  both  BMD  and  CSA.  We  found  that 
the  loading  induced  changes  in  volumetric  BMD  returned  to  normal  at  12  weeks  with  a 
half  life  of  6-weeks.  The  change  in  CSA  declined  with  a  half  life  of  8.5  weeks  and  was 
still  significantly  elevated  at  12  weeks.  Thus,  the  decline  in  elevated  CSA  proceeded  at  a 
much  slower  pace  than  the  loading  induced  increase  in  vBMD. 

In  the  pQCT  analysis  of  bone  parameters  using  the  lower  threshold  (180-730),  we 
found  that  the  magnitude  of  increase  in  periosteal  circumference  (PC)  was  18%  ±  7.0 
after  the  last  loading  and  was  very  significant  when  compared  with  7.2%  ±1.7  using  the 
higher  threshold  (730-730).  This  is  due  to  rapid  accumulation  of  less  mineralized  bone  at 
the  periosteal  surface.  This  is  most  prevalent  at  0  time  point  (immediately  after  the  last 
loading),  as  seen  by  the  red  color  using  the  pQCT  threshold  indicator  (Fig.4). 
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Consequently,  we  found  a  significant  increase  in  CSA  at  0  time  point,  accompanied  by  an 
increase  in  BMD.  Over  time,  we  found  that  periosteal  circumference  increased  with  age 
in  the  non-externally  loaded  but  not  the  externally  loaded  tibia.  As  a  result,  the  magnitude 
of  difference  between  externally  loaded  and  non-externally  loaded  tibia  decreased  with 
time  after  cessation  of  loading,  resulting  in  no  difference  in  the  periosteal  circumference 
of  externally  loaded  tibia  between  lower  (PC,  9.13%  ±  3.9)  and  higher  threshold  (PC, 
9.8%  ±  1.2).  These  findings,  suggest  that  the  newly  formed  bone  undergoes  remodeling 
at  the  periosteal  site  to  cortical  bone  over  time  which  leads  to  a  reduction  in  bone  size  in 
order  to  accommodate  the  loading  induced  changes  in  the  bone  shape.  During  this 
remodeling  process,  we  found  that  the  rate  of  loss  in  gained  CSA  (bone  size)  after 
cessation  of  loading  was  10%  every  2  weeks  for  8  weeks.  These  data,  together,  suggest 
that  the  positive  effects  of  mechanical  loading  on  CSA  were  maintained  for  several 
weeks  after  the  cessation  of  last  external  loading. 

In  this  study,  we  observed  that  the  accommodation  of  this  newly  formed  bone, 
gained  through  loading,  altered  the  shape  of  bone  over  time  compared  with  non- 
externally  loaded  tibia  as  seen  from  our  pQCT  cross-sectional  slices.  Since  studies  have 
shown  that  increase  in  bone  parameters  lead  to  an  increase  in  bone  mechanical  properties, 
one  would  expect  measurable  differences  in  mechanical  properties  between  the  bones 
immediately  after  loading  and  12  weeks  later.  To  test  this,  we  measured  yield  load, 
maximum  load  and  toughness  in  both  externally  loaded  and  non-externally  loaded  tibiae 
using  the  three-point  bending  device.  The  results  from  our  study  show  a  significant 
increase  in  the  bone  strength  immediately  after  2-  weeks  of  loading  in  the  externally 
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loaded  bones  compared  to  non-extemally  loaded  bones,  as  evident  from  data  shown  in 
Table  1.  In  order  to  determine  if  the  increase  in  bone  mechanical  properties  is  due  to  an 
increase  in  the  changes  in  bone  parameters,  measured  by  pQCT,  we  performed 
correlation  analysis  between  BMD,  CSA,  cortical  thickness  and  mechanical  properties  of 
bone.  The  results  show  a  significant  correlation  between  BMD,  area  and  cortical 
thickness  with  yield  load,  maximum  load  and  toughness  (r  =  0.72  to  0.88,  p<0.05).  These 
data  suggest  that  the  changes  in  bone  parameters  induced  by  mechanical  loading  are 
responsible,  in  part,  for  the  increase  in  bone  strength  at  0  time  point.  However,  this 
increase  in  bone  strength  was  lost  at  12  weeks.  Accordingly,  we  found  that  there  was  no 
difference  in  the  yield  load,  maximum  load  and  toughness  between  the  externally  loaded 
and  non-externally  loaded  bones  (Table  1)  at  12  weeks  after  the  cessation  of  loading. 
This  is  consistent  with  the  loss  of  loading  induced  changes  in  bone  parameters.  Together, 
our  findings  indicate  that  the  external  loading-induced  increases  in  bone  are  lost  over  a 
period  of  time  but  at  a  much  slower  pace  than  the  induction  of  the  increases.  It  is  worth 
mentioning  that  reports  by  others  have  predicted  that  some  of  the  skeletal  changes 
induced  by  four-point  bending  are  due  to  periosteal  pressure.  In  our  previous  QTL  study, 
we  have  found  that  sham-loading  neither  increased  periosteal  bone  formation  nor  caused 
changes  in  expression  levels  of  bone  marker  genes,  demonstrating  that  the  skeletal 
changes  induced  by  bending  are  not  due  to  periosteal  pressure  (Kesavan  et  al.,  2006). 
This  finding  also  applies  to  the  present  study  since  we  used  the  same  loading  model  as 
well  as  regimen.  In  conclusion,  our  study  shows  that  a  single  burst  of  external  loading 
provides  increased  bone  mass  temporarily,  periodic  loading  may  be  necessary  to  maintain 
long  term  bone  strength. 
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Fig-i  A  schematic  representation  of  the  study  design. 


Fig.2  Changes  in  bone  parameters  measured  at  different  time  points  after 
cessation  of  loading. 

The  y-axis  corresponds  to  absolute  changes  in  bone  parameters  in  response  to 
12  days  four-point  bending  on  10  week  female  C57BL/6J  mice.  The  x-axis 
corresponds  to  various  time  points.  (A)  Bone  mineral  content  (BMC),  (B) 
Periosteal  circumference  (PC)  and  (C)  Bone  mineral  Density  (BMD).  Values  are 
mean  ±  SE,  *p<0.05  vs.  non-externally  loaded  tibiae,  N=5. 


Fig.3  Changes  in  CSA  and  BMD  measured  at  different  time  points  after 
cessation  of  loading. 

The  y-axis  corresponds  to  percent  change  and  x-axis  corresponds  to  duration 
(weeks).  CSA,  Cross  sectional  area  and  vBMD,  total  volumetric  bone  mineral 
density,  values  are  mean  ±  SE,  *p<0.05  vs.  non-externally  loaded  tibiae,  N=5. 


Fig-4  Cross  sectional  area  of  the  externally  loaded  tibia  vs.  non-externally 
loaded  tibia. 

This  figure  shows  the  newly  formed  bone  at  the  periosteal  site  in  response  to  2 
weeks  loading  and  its  fate  over  time  after  cessation  of  loading.  The  arrow 
corresponds  to  newly  formed  bone  and  the  white  color  represents  cortical  bone. 
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Table  1  Changes  in  mechanical  properties  of  bone  measured  at  0-  and  12- weeks  after  the 
cessation  of  last  loading 


Parameters 

0  week 

12  week 

Non-externally 
loaded  bone 

Externally 
loaded  tibia 

Non-externally 
loaded  bone 

Externally 
loaded  tibia 

Yield  load  (N) 

14.48  ±  0.42 

20.34  +  0.84* 

17.08  +  0.76 

16.44  +  0.71 

Maximum  load  (N) 

18.54  +  0.67 

24.05  +  0.58* 

21.93  +  0.47 

21.05  +  0.17 

Toughness  (N/mm  ) 

2.17  +  0.05 

3.10  +  0.03* 

2.03  +  0.02 

1.93  +  0.14 

Abbrevations:  N,  Newton 

Values  are  mean  +  SE  with  three-four  mice  per  group 
*p<0.05  vs.  non-externally  loaded  bones 


